We have studied the behavior of microwear and hardness of a superelastic nickel-titanium alloy using a triboindenter at various temperatures. Wear resistance was found to anomalously decrease with an increase in hardness. The observations are analyzed based on simple contact theory which suggests that the increase of hardness with the temperature is mainly due to an increase in phase transition stress, while the decrease of wear resistance with the temperature is due to an increase of the austenite elastic modulus and a decrease of the amount of phase transition that can be recovered. The behavior of solids is strongly influenced by structural transitions. Numerous metal alloys exhibit sheardominated thermoelastic transitions, which involve a firstorder diffusionless transition, minor shape variation and a high degree of crystallographic reversibility.
The behavior of solids is strongly influenced by structural transitions. Numerous metal alloys exhibit sheardominated thermoelastic transitions, which involve a firstorder diffusionless transition, minor shape variation and a high degree of crystallographic reversibility.
1,2 The reversible phase transition between the low-temperature martensite phase and the high-temperature austenite phase in NiTi alloys leads to well-known shape-memory and superelasticity effects.
1-3 Shape-memory and superelastic nickel-titanium alloys have been increasingly used in medical surgery and identified as possible materials for microelectromechanical systems ͑MEMS͒. 4, 5 In these applications, the wear performance of the material plays a critical role. 5 Since wear is a resulting of the accumulation of plastic deformation and hardness is the measure of a material's ability to combat plastic deformation, the relationship between wear and hardness has been extensively studied. For traditional materials, both theory and experiments show that the wear resistance increases with the hardness. 6 In this letter, we report experimental results that show an anomalous decrease of wear resistance with an increase of hardness in superelastic NiTi. We show that such an anomaly can be explained by the temperature dependence of the mechanical properties in the stress-induced phase transition.
Commercial 0.3 mm thick superelastic NiTi polycrystalline cold-rolled sheets were purchased from Shape Memory Applications, Inc. ͑San Jose, CA͒. The nominal alloy composition was 51.33 wt % Ni and 48.67 wt % Ti. The size of the grains was about 50-100 nm according to transmission electron microscopy characterization. 7 With a differential scanning calorimeter ͑DSC 92, SETARAM, France͒, we measured the characteristic transition temperatures. The austenite finish temperature (A f ϭ16°C) indicates that this material is in austenite phase at room temperature and will exhibit superelasticity under stress. Specimens for indentation and wear tests were mechanically polished and finished with 50 nm aluminum oxide sandpaper. Using a homemade atomic force microscope ͑AFM͒, the root-mean-square roughness was measured as about 15 nm over a 5 mϫ5 m area.
Indentation and wear tests were run on a triboindenter ͑Hysitron Inc., Minneapolis, MN͒ with the temperature controlled from 22 to 120°C. The probe was a Berkovich type diamond tip. At 22, 70, and 120°C, the wear test was performed by 200 cycles of scanning scratch over a fixed 5 mϫ5 m area on the NiTi surface at various loads. The wear depth was taken as the average difference in height between the worn area and its surrounding flat surface. The results of the wear tests shown in Figs. 1 and 2 demonstrate that ͑i͒ at a given temperature, there exists a threshold load below which nearly no wear occurs and above which the wear depth increases with the load and ͑ii͒ the threshold load decreases with an increase in temperature. At a given load, the lower the temperature, the less the sample was worn.
To understand the above wear behavior the hardness of NiTi was measured by indentation at loads ranging from 100 to 8000 N and temperatures ranging from 22 to 120°C. As plotted in Fig. 3 , while the hardness exhibits a size effect at APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 7 16 FEBRUARY 2004 small depths ͑Ͻ75 nm͒, that is, the hardness decreases with an increase in indentation depth, it reaches a constant at each given temperature as the indentation depth increases beyond 75 nm. This constant hardness increases almost linearly with the temperature. Combined with the wear results, it is found that lower hardness actually corresponds to higher wear resistance. This anomalous wear-hardness relationship cannot be explained by existing wear theory that has been supported by much experimental work. 6 For normal metals, the hardness usually decreases with an increase in temperature, primarily because the critical stress required for dislocation motion decreases with an increase in temperature. 8, 9 For the anomalous temperature dependence of the hardness of NiTi, we speculate that it might be attributable to the unique temperature dependence of its stress-induced phase transition process involved in indentation. Figure 4͑a͒ shows a typical stress versus strain curve of NiTi in a tensile test. During the loading process, the NiTi alloy experienced four stages of deformation: elastic deformation of austenite, phase transition from austenite to martensite, reorientation plus elastic deformation of the martensite, and finally plastic deformation of the martensite. Because of the superelastic nature of NiTi both the elastic and phase transition deformation will recover during unloading. The residual deformation mainly comes from the plastic yield of martensite. Compression tests give similar curves except with higher phase transition stress and martensite plastic yield stress. 10, 11 In the following, a simple contact model will be used to quantify the role of phase transition in the measured hardness values.
As shown in Fig. 4͑b͒ , the projected area A c ͑corre-sponding to contact depth h c ) used to deduce the hardness by a triboindenter can mainly be divided into two regions ͓inset of Fig. 4͑b͔͒ : the phase transition region A t and the martensite plastic yield region A m . Here, elastic deformation has been excluded, which accounts for the difference between the maximum penetration depth under a peak load P max and h c ͓Fig. 4͑b͔͒. The plastic deformation area A p of austenite is either absent at low temperatures or much smaller than A t and A m at high temperatures. Thus, it can be neglected in the following calculation. With h r the residual plastic depth mainly due to unrecoverable plastic deformation of martensite as shown in Fig. 4͑b͒ In the triboindenter, the hardness H is defined as 13 Hϭ P max A c . ͑3͒
During indentation, the normal pressure on A t is about three times the uniaxial compressive transition stress t and on A m is about three times the uniaxial compressive plastic yield stress m of martensite. 14 According to the rule of mixture, the peak load can be expressed as 15, 16 
where both t and m can be determined directly by experiment. 10, 11 Combining Eqs. ͑2͒-͑4͒, we obtain
Since the quantities h c and h r can be directly measured from the indentation curves as shown in Fig. 4͑b͒ , which readily gives ␦, we can calculate H using Eq. ͑5͒ and then compare it with the data measured. As shown in Table I is not only an indicator of the material's ability to combat plastic deformation, but also an indicator of the material's ability to avoid a phase transition. The temperature dependence of the wear performance of NiTi can also be explained based on its unique phase transition properties. For wear load P ranging from 10 to 100 N, the indentation depth is below 15 nm and the tip can be approximated as a sphere with radius R of 5.2 m. As shown in Tables I and II , since the austenite plastic yield stress a is lower than the transition stress at 70 and 120°C, the austenite will reach plastic yield before the phase transition. Thus, the initial plastic deformation and therefore the wear at low loads must already start from the austenite phase at 70 and 120°C. We can use Hertzian contact theory to estimate the threshold wear load P c of plastic deformation at these temperatures. If the tip is assumed to be rigid and E is the elastic modulus of austenite NiTi, the maximum stress max before plastic yield in the contact area can be calculated by 17 max ϭ0.609P
.
͑6͒
Setting max equal to the austenite yield stress a , we obtain P c of
Here, a and E were measured by tensile tests which provided identical compression values according to Ref. 11 . As shown in Table II , when the temperature increases from 70 to 120°C, P c decreases due to the increase of E ͑with constant a ). Beyond P c , the volume of plastically deformed austenite therefore the wear increases with the load as shown in Fig. 2 . This trend continues even if the material enters further into the phase transformation region under high loads.
The wear data at 22°C are worth special attention since the phase transition stress is lower than the austenite plastic yield stress and therefore the material will transform into martensite before plastic yield. Based on Hertzian contact theory ͓Eq. ͑7͔͒, the load at the start of the phase transition is only 10 N. If we assume no phase transition before the plastic yield, using E and a ͑ϭ0.9 GPa͒ at 22°C, wear is expected to start at load of 40 N which is smaller than the measured value of P c ͑ϳ50 N͒. The increase in P c is due to the reversible austenite-martensite phase transition. The additional reversible transition strain ͑5% compared with elastic strain of 1%͒ relaxed the stress concentration near the indenter tip. It is this ''transition shielding effect'' that postpones plastic flow to a higher load by sharing an appreciable portion of the external load. The above analysis is consistent with the experimental results shown in Figs. 1 and 2 .
In summary, the microwear and microhardness of a superelastic nickel-titanium alloy were examined by a triboindenter at various temperatures. An anomalous wear-hardness relationship, namely, the lower the hardness, the higher the wear resistance, was observed in the experiments. The observed phenomena were rationalized by a simple contact model that involved both plastic yield and reversible phase transition. It was found that the unique temperature dependent phase transition properties of NiTi alloy are responsible for the anomalous hardness and wear properties. With an increase in temperature, the increase in hardness was mainly due to the increase of phase transition stress, while the decrease of wear resistance can be attributed to the increase of the elastic modulus of austenite and the phase transition stress with the temperature. 
